The suppressor of cytokine signalling 2 (SOCS2), traumatic brain injury and microglial/macrophage regulation Traumatic brain injury (TBI) results in a range of neuroinflammatory events that vary depending on the type and extent of injury. Central to this is the activation of tissue resident microglia and infiltration of peripheral macrophages, which phagocytose debris and/or secrete a range of cytokines, chemokines and other factors which modify the injured environment to promote or inhibit repair (Schwartz et al., 2013) . The reactive macrophages/microglia are broadly divided into two categories, the classical pro-inflammatory (M1) and alternative anti-inflammatory (M2) phenotypes. Much research has been undertaken to try promote the M2 phenotype to aid in neural repair as the balance of pro-and anti-inflammatory phenotypes dictates whether or not tissue repair can occur. However, it is now clear that there is not a simple M1/M2 dichotomy but rather a broad spectrum of phenotypes that are more or less pro-or anti-inflammatory (Kim et al., 2016) . In vitro, lipopolysaccharide (LPS) or interferon gamma (IFNγ) stimulation promotes the M1 phenotype and production of pro-inflammatory cytokines, while interleukin (IL)4/IL13 promote cells with the anti-inflammatory M2 phenotype, which promotes tissue repair and resolves inflammation. However, this relatively simple characterization does not appear to hold up in vivo, for example following TBI (Kim et al., 2016) .
Recently we showed that suppressor of cytokine signalling 2 (SOCS2) may be a player in macrophage/microglial response following TBI (Basrai et al., 2016) . SOCS2 has been shown to act as an important regulator of inflammatory responses in the periphery and roles for it in directing macrophage polarization towards an anti-inflammatory phenotype have been suggested (Machado et al., 2006; Esper et al., 2012; Zhou et al., 2014; Brant et al., 2016) .
We compared the effect of TBI in SOCS2 over-expressing transgenic (SOCS2Tg) mice to wild-type (WT) littermates (Basrai et al., 2016) . Overexpression of SOCS2 promoted recovery following moderately severe TBI, with SOCS2Tg mice showing functional improvement on a ladder test, with a smaller lesion volume at 7 days post injury. Following mild TBI, the number of proliferative CD11b + macrophage/microglial cells that were present in the injured cortex of SOCS2-overexpressing mice at 35 days post-injury was almost double that observed in WT mice, with no differences in the un-injured contralateral cortex. However, this effect was not significant at 35 days following more severe TBI, but with a modest effect at 7 days post-TBI, suggesting a role of injury severity and timing in the extent of microglial/macrophage activation that is regulated by SOCS2 (Basrai et al., 2016) . Given that the SOCS2-over-expressing mice showed functional improvement compared to WT mice following moderately severe TBI, we did not expect a difference in total activated microglial/ macrophage cell numbers but rather thought it may be due to altered M1/M2 polarisation regulated by SOCS2. Immunohistochemistry for M1 and M2-like macrophages/microglia 7 days post moderate injury suggested an altered activated macrophage/microglial response in SOCS2Tg compared to WT mice. Specifically, the greater area covered by CD206 + cells in SOCS2Tg perilesional cortex suggested the presence of more M2-like macrophages/microglia than in the WT perilesional cortex (Basrai et al., 2016) . Therefore, the expression of M1 and M2 macrophage/microglia associated genes was further analyzed by q-PCR to further elucidate changes in the balance of M1 and M2 microglia in SOCS2Tg and WT mice 7 days post moderate injury. No differences in gene expression were present between SOCS2 naïve and WT naïve mice. For injured SOCS2Tg and WT mice, gene expression was expressed as fold change after injury compared to naïve mice. All M1 and M2 associated genes showed an up-regulation of RNA expression after injury verses naïve control in SOCS2Tg and WT mice but no differences were seen in M1 and M2 marker expression between SOCS2Tg and WT mice (Figure 1) .
These findings correlate with a recent single cell RNA sequencing analysis of macrophage activation states following TBI (Kim et al., 2016) . It was found that the macrophages expressed mixed polarisation signatures, with different individual cells apparently randomly co-expressing different sets of polarisation markers. Approximately 70% of monocytes at 24 hours post-TBI expressed SOCS2 but co-expression of other key polarisation markers, such as pro-inflammatory IL1b and tumor necrosis factor or anti-inflammatory Arg1 or Chi3L3 was not different between SOCS2 expressing or non-expressing cells. Therefore, while SOCS2 is involved in regulating the immune response, it does not appear to do so following TBI by regulating pro-or anti-inflammatory monocyte phenotype, at least in terms of level of expression of M1-or M2-associated genes. How then, may SOCS2 be acting in this regard?
Following mild TBI there was a significantly increased number of proliferative (EdU + ) CD11b + macrophages/microglia in SOCS2Tg mice compared to WT, while following moderately severe TBI, WT EdU + /CD11b + cell numbers caught up to those in SOCS2Tg mice (Basrai et al., 2016) . This may indicate that SOCS2Tg mice have microglia/macrophages that are hypersensitive or better primed to respond to immune challenge compared to WT mice. This may have resulted in a higher baseline of proliferation or enhanced migration, allowing a more robust response to TBI. Further studies are required to elucidate the mechanisms involved. These may include dysregulated responsiveness to a range of inflammatory modulators, such as IFNγ or Toll like receptor (TLR)/nuclear factor (NF)-κB signalling pathways. SOCS2KO mice fed a high fat diet have an increased expression of pro-inflammatory mediators such as IFN-γ in their livers and adipose tissue (Zadjali et al., 2012) , while analysis of bone marrow derived macrophages from SOCS2KO mice demonstrated an increased phagocytic ability, secreted more pro-inflammatory cytokines and had decreased levels of the NF-κB inhibitor IκBα (Zadjali et al., 2012) . Indeed LPS induced TLR/NF-κB signalling has been shown to induce SOCS2 in a STAT3 and STAT5 dependent manner in human dendritic cells (Hu et al., 2012) . A more detailed analysis of the timing of SOCS2's effects will likely also shed more information on potential mechanisms of action. In particular, studies at time points earlier than 7 days may be most informative, given that the microglial/macrophage response commences within hours of injury.
Clearly, the macrophage/microglial response to TBI is apparently more complex than previously thought. Standard M1/ M2 polarisation rules derived in vitro do not appear to apply, with individual cells expressing multiple different polarisation markers along the M1/M2 spectrum. It is also apparent that the response is regulated by genes such as SOCS2 that, while on first glance, would seem likely to regulate polarization by promoting an anti-inflammatory phenotype, instead appear to do so by mechanisms other than, or in addition to, regulating expression of specific polarisation genes. This may include regulation of responsiveness to activation of different signal transduction pathways that regulate proliferation, migration or possibly cell www.nrronline.org maturation. Given the role of SOCS proteins in regulating activation of signal transduction pathways downstream of multiple different cytokines, chemokines and other growth factors, more work is needed to elucidate the mechanisms by which SOCS2 regulates the macrophage/microglial response following TBI to result in enhanced recovery. Identification of such pathways or mechanisms may provide new therapeutic targets which may be exploited to enhance recovery following TBI. 
